This study assessed the risks posed by noroviruses (NoVs) in surface water used for drinking, domestic, and recreational purposes in South Africa (SA), using a quantitative microbial risk assessment (QMRA) methodology that took a probabilistic approach coupling an exposure assessment with four dose-response models to account for uncertainty. Water samples from three rivers were found to be contaminated with NoV GI (80-1,900 gc/L) and GII (420-9,760 gc/L) leading to risk estimates that were lower for GI than GII. The volume of water consumed and the probabilities of infection were lower for domestic (2.91 × 10 À8 to 5.19 × 10 À1 ) than drinking water exposures (1.04 × 10 À5 to 7.24 × 10 À1 ). The annual probabilities of illness varied depending on the type of recreational water exposure with boating (3.91 × 10 À6 to 5.43 × 10 À1 ) and swimming (6.20 × 10 À6 to 6.42 × 10 À1 ) being slightly greater than playing next to/in the river (5.30 × 10 À7 to 5.48 × 10 À1 ). The QMRA was sensitive to the choice of dose-response model. The risk of NoV infection or illness from contaminated surface water is extremely high in SA, especially for lower socioeconomic individuals, but is similar to reported risks from limited international studies.
INTRODUCTION
Exposure to contaminated water is an important route for the transmission of diarrhoeal pathogens (Enger et al. ) and the waterborne transmission of viruses is of public health concern (Gibson ). Noroviruses (NoVs) have been identified as the major cause of waterborne disease outbreaks in many regions of the world (Gibson ) and are recognised as the predominant cause of sporadic and epidemic gastroenteritis accounting for greater than 90% of viral gastroenteritis and approximately 50% of allcause outbreaks (Atmar ) . NoVs are members of the Caliciviridae family and are small non-enveloped viruses with a single stranded, positive-sense RNA genome. NoVs contain seven genogroups (GI-VII) with GI, GII and GIV causing infections in humans. Following a mean incubation time of 24 hours, NoV illness, characterised by diarrhoea, vomiting, fever, headache, and muscle aches, is self-limiting with symptoms usually lasting between 24 and 48 hours (Vinje ) .
In South Africa (SA), outbreaks of NoV-associated gastrointestinal illness were first described in 1993 (Taylor et al. ) and NoVs have been shown to be the second most important viral agent causing gastroenteritis in children after rotavirus (Mans et al. ) . Norovirus was detected in 21-95% of river samples from selected rivers in the Gauteng Province, SA (Mans et al. ) and a high diversity of NoV GI and GII genotypes has been identified in wastewater from several provinces of SA (Mans et al. identification, exposure assessment, dose-response assessment, and risk characterisation can be applied (Hunter et al. ; Mena ; Haas et al. ) . In SA to date, only one small study using simple deterministic risk assessment of NoVs in water has been carried out (Genthe et al. ) . The aim of the present study was to quantify NoV in selected river water samples in Gauteng, SA and to assess the risks posed by these NoVs from exposure via drinking, domestic use and recreation. which had internal amplification controls. After NoV detection the remaining recovered virus concentrates were stored at À20 C for between 1 and 4 years before NoV quantification in 2015.
METHODS

Study area, samples, and qualitative NoV detection
Nov quantification
Norovirus-positive GI and GII water samples, with cycle threshold (C tthe number of cycles required for the fluorescent signal to cross the background threshold level) values <40 and of sufficient volume, were selected for viral quantification. Samples were thawed and nucleic acid was extracted from 1 mL virus concentrate using using the 
QMRA model
Statistical fitting was programmed in R software (R Foundation for Statistical Computing, Vienna, Austria) as was the QMRA model, which took a probabilistic approach (10,000 iterations) to account for variability and uncertainty.
The exposure pathways considered were for both the lower and upper socioeconomic status populations (LSES and USES). For the LSES, the exposure pathways of: (a) consumption of contaminated river water for drinking; (b) incidental exposure by ingestion during domestic activities such as laundry or body washing were used; and (c) incidental exposure by ingestion during recreational activities (playing by river). For the USES, the exposure pathway considered was incidental exposure by ingestion during recreational activities such as swimming or boating.
Exposure assessment
The exposure assessment quantifies the mean dose (gc per day or event) of NoV (D NoV , Equation (1)) in water for each exposure based on the NoV concentration in water (C NoV ), the recovery efficiency of the detection method (R), the proportion of viruses that are infectious (Inf), sunlight inactivation (Inact), and the volume of water consumed (V cons ). All exposure assessment parameters are detailed in Table 1 . are shape parameters of the beta distribution that describe variation in host susceptibility, 'a' is the aggregation parameter (0 a < 1) where a → 0 assumes disaggregation, μ a is the mean Table 3 for raw data) from four studies with two genogroups; thus, estimating one adjustment factor to harmonise all the data was not judicious.
The probability of illness was estimated based on the conditional likelihood that the person will become ill if infected (P ill|inf ) and was calculated by P ill ¼ P ill|inf X P inf .
The probability of becoming ill once infected (P ill|inf ) was defined by a triangular distribution (minimum ¼ 0.3, maxi- (Table 1 ) a person is exposed (Equation (2)). The annual probability of illness (P ill,yr ) is calculated by the following equation:
where P ill,daily is the daily probability of illness (equation 
RESULTS
Virus concentration
Norovirus concentrations could be estimated in 50% (17/34) NoV GI and 74% (25/34) NoV GII positive water samples, which had a detection C t < 40. The concentration in the surface waters ranged from approximately 80 to 1,900 gc/L for GI and from 420 to 9,760 gc/L for GII (Table 3 ). The turbidity as reported by Rand Water ranged from 40 to 80 NTU while 
1F1, 1F1 hypergeometric; 2F1i, 2F1 hypergeometric with immunity; 2F1, 2F1 hypergeometric; FP, fractional Poisson.
(α, β) are shape parameters of the beta distribution that describe variation in host susceptibility, φ is the fraction of secretor positive individuals who are immune to NoV, 'a' is the aggregation parameter (0 a < 1), P is the fraction of individuals who are secretor positive that are fully susceptible to NoV infection, and μ a is the mean number of genomes per aggregate. The extraction efficiency was not estimated for this sample and was assumed to be 100%.
the recorded temperature of the water ranged from 8 to 18 C and the pH ranged from ∼7 to 8.
Risk estimates from the QMRA
A difference in the daily probabilities of infection was observed depending on the type of exposure, NoV genogroup, and dose-response model used (Figure 1 ). Daily risk estimates from all four dose-response models were lower for recreational water (RW) exposure (min-max: 5.29 × 10 À7 to 6.42 × 10 À1 ) in contrast to drinking water (DW) exposure (min-max: 2.33 × 10 À5 to 7.24 × 10 À1 ). Also, daily risk estimates using all four dose-response models were lower for GI (min-max: 2.91 × 10 À8 to 7.02 × 10 À1 ) versus GII (minmax: 1.19 × 10 À7 to 7.24 × 10 À1 ). Daily risk estimates were highest for the 1 F 1 hypergeometric dose-response model when the mean dose was less than approximately 2,000 gc.
A difference in the estimated daily probabilities of infection was observed for the drinking water exposure for GII versus GI (Figure 2 ) as well as for the different doseresponse models. In general, the estimated probability of infection was higher for GII (min-max: 2.33 × 10 À5 to 7.24 × 10 À1 ) as opposed to GI (min-max: 1.04 × 10 À5 to 7.02 × 10 À1 ) and was highest for the 1 F 1 hypergeometric dose-response model. All exposures, no matter which genogroup or dose-response model, exceeded the allowable daily risk of infection of <1 in 10 6 infections.
The estimated probabilities of infection were lower for domestic water exposure (Figure 3 ) than for drinking water. Similar to the drinking water exposure, the largest estimates were for GII (min-max: 1.19 × 10 À7 to 5.19 × 10 À1 ) and for the 1 F 1 hypergeometric dose-response model. The exceedances for GI were slightly lower for this exposure scenario at 94% for the fractional Poisson, 96%
for the 2 F 1 with immunity, 98% for the 2 F 1 hypergeometric, and 100% for the 1 F 1 hypergeometric. The exceedances for GII were ∼100% for all dose-response models. for RW exposure to norovirus GI; (c) P inf for DW exposure to norovirus GII; (d) P inf for RW exposure to norovirus GII. 1F1 ¼ 1 F 1 hypergeometric, 2F1i ¼ 2 F 1 hypergeometric with immunity, 2F1 ¼ 2 F 1 hypergeometric, FP ¼ fractional Poisson.
To compare to an annual risk of illness benchmark for recreational water, the probability of illness was estimated. The annual probabilities of illness for recreational exposures varied depending on the type of exposure with the highest risks being from boating (min-max:
3.91 × 10 À6 to 5.43 × 10 À1 ) and swimming (min-max:
6.20 × 10 À6 to 6.42 × 10 À1 ) while lower risks were observed from playing by the riverside (min-max: 5.30 × 10 À7 to 5.48 × 10 À1 ). Again, a difference was observed between the different dose-response models (Figure 4) . Also, the risks were higher for GII as opposed to GI. The exceedances summarised in Table 4 varied greatly depending on the genogroup and dose-response model selected with GII having more exceedances as compared to GI and 1 F 1 hypergeometric consistently predicting the most exceedances.
In general, the percentage of exceedances for the corresponding benchmark was greatest for drinking water exposures followed by domestic water exposures followed by the recreational water exposures.
DISCUSSION
The use of surface water for recreation, drinking, and domestic purposes is associated with potential public health The estimated concentration of NoV GI and GII in these SA surface water samples (8 × 10 1 to 9.76 × 10 3 gc/L: The daily risk of infection from the consumption of untreated surface water as DW ranges from 2.3 × 10 À5 to 6.4 × 10 À1 for NoV GI and for GII, from 7.3 × 10 À5 to 7.2 × 10 À1 . At these high probability of infection values, the daily health benchmark of <1 infection in 10 6 individuals is exceeded 100% of the time (Figure 2) . The daily risk of infection from domestic water use is less (range GI:
1.3 × 10 À7 to 4.8 × 10 À1 , GII: 3.6 × 10 À7 to 5.1 × 10 À1 ). The daily health benchmark for domestic water was however still exceeded 97% of the time for GI and 100% of the time for GII when all dose-response models were used to quantify the risk. The daily risk of infection, which was higher for NoV GII when compared to NoV GI, was not unexpected because the concentration and prevalence of GII was higher than for GI in the surface water samples.
In addition, the daily risk of infection was higher when using the water for drinking water rather than for domestic use because the volume of water consumed was orders of magnitude higher for drinking (1.3 L) than domestic water
(1-10 mL) use. However, even with the small volume of One of the most important findings of this QMRA study was that the choice of dose-response model was critical to the outcome of the QMRA, a finding that has been described previously (Teunis & Havelaar ) . Therefore, to account for the uncertainty in NoV dose-response, multiple models (Van Abel et al. ) were used in the present study to formulate a complete picture of the risk. Of concern was that the four dose-response models were determined from predo- 
CONCLUSIONS
The results of this assessment demonstrate that selected surface waters in SA are contaminated with NoV which can lead to unacceptable risks of infection from exposure via direct drinking of untreated surface water as well as domestic and recreational use. Furthermore, this work presented quantitative data on the concentration of NoV GI and GII in surface waters, which is useful for QMRA.
The results of the QMRA found that: (1) a higher risk was observed for GII as compared to GI;
(2) the daily probability of infection risk was higher for drinking water exposures as compared to domestic use of water; (3) the annual probability of illness from recreation exposures was highest for boating and swimming and lowest for playing by the river;
and (4) the risk burden was greater for individuals of LSES who may use untreated surface water for multiple household and recreational uses. Finally, the choice of dose-response model was critical to the outcome of the QMRA, so multiple dose-response models must be used in NoV QMRA to account for uncertainty and to completely describe the risk.
